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Ex-situ aqueous ~NH4)2S treated sulfur-passivated InP substrates have been studied using ultrahigh
vacuum scanning tunnelling microscopy ~STM! and low-energy electron diffraction ~LEED!. The
morphology of the passivated surface was imaged after a mild sample annealing. The STM images
of a surface exhibiting a good 131 LEED pattern show that the top layer of the sulfur-passivated
surface is poorly ordered. A surface bilayer atomic step has been observed to be common on
sulfur-passivated surfaces. The magnitude of the surface roughness for the passivated surfaces lies
between 10 Å and 25 Å; this is much smaller than the roughness of InP~100! substrates prepared
using previously published methods. After annealing the sample at ;420 °C, a ~231! LEED pattern
with split half-integer spots has been observed. The associated STM images show that these split
half-integer diffraction beams correspond to regularly spaced domains with a width of ;20–30 Å
in the @011¯# direction. The surface roughness increases with annealing temperature; the surface
corresponding to the best 231 LEED symmetry ~annealing at ;420 °C! has a roughness double
that of the 131 phase. © 1998 American Vacuum Society. @S0734-2101~98!03901-3#
I. INTRODUCTION
Wet chemical preparation of semiconductor wafers is a
key step in device technology. After preparation, an ideal
surface is expected to be clean, without native oxides, stable,
without surface dangling bonds, and well ordered, without
defects. InP is commonly used as a substrate for heteroepi-
taxial growth for the production of microelectronic devices,
and thus preparation of a clean and stable InP~100! surface is
important in device fabrication. Sulfur has been found to be
suitable for production of a ~131! termination of semicon-
ductor ~100! surfaces, such as Ge ~Ref. 1! and GaAs,2–5 with
a concomitant saturation of surface dangling bonds. The re-
sulting surfaces exhibit a stable and ordered ~131! surface
structure. Recent progress in developing a wet chemical
preparation of InP~100! in ~NH4)2S that leads to sulfur ter-
mination has spurred an active effort to characterize and un-
derstand the nature of this S-passivated surface.6–10
X-ray photoelectron spectroscopy ~XPS! indicated that
this passivation procedure results in a sulfur layer replacing
the surface phosphorus, filling the phosphorus vacancies and
hence removing surface defects.7,9 A study of the polariza-
tion dependence of the x-ray absorption near-edge structure
~XANES! shows that sulfur atoms preferably form bridge
bonds with two In atoms along the @011# direction.10 Mean-
while, reflection high-energy electron diffraction ~RHEED!
and low-energy electron diffraction ~LEED! observations re-
vealed that surfaces prepared in this way exhibit ~131!
symmetry.8,9,11,12 Hence, an ordered ~131! sulfur layer
model has been proposed.9,10,12 A 232 model involving
short and long surface sulfur dimers was proposed based on
an ab initio calculation and Raman studies,13 which were
supported by recent high resolution synchrotron radiation
S 2p core-level photoemission results.14
Despite all these efforts, however, it is still unclear how
good the passivated surface is in terms of surface morphol-
ogy, its thermal stability, and its evolution as a function of
sample annealing temperature.
Scanning tunneling microscopy ~STM! has proven to be a
very useful tool in providing real-space information about
the surface structure of materials. However, there has been
less effort on real-space imaging of the S-passivated
InP~100! surface.15 In fact, there have been few STM studies
of InP~100! surfaces, probably because of the problems
raised by its surface preparation. Cleaning methods utilizing
ion bombardment with subsequent annealing in vacuum have
been found to lead to InP~100! surfaces that are rough on a
microscopic scale, and the crystal termination is not a perfect
P or In plane.16,17 Robach and co-workers reported that after
etching in a 5% HF solution an ‘‘epi-ready’’ InP~100!
sample is 10 times rougher than technological Si~100!
wafers.18 Moriarty and Hughes showed that a previously
etched oxide-free InP~100! surface would be contaminated
and reoxidized rapidly in air.15 The roughness of the surface
could be one of the obstacles to a successful STM observa-
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tion, and the highly reactive nature of the surface makes the
observation even more difficult. Under certain conditions
InP~100! surfaces can be prepared well enough for atomic
scale STM imaging. Tanaka and co-workers removed the
surface native oxide by in situ thermal cleaning at >480 °C
in vacuum in an arsenic flux which introduces a 234 recon-
struction of the ~100! surface, and obtained atomic scale im-
ages of the reconstructed surface.19,20 Since ~NH4)2S treat-
ment has been found to remove the native oxide and
passivate the InP~100! surface effectively, ex situ STM ob-
servations of this sulfur-passivated surface should be of con-
siderable interest from both fundamental and technological
points of view. In this article, we report our study on the
surface morphology of ~NH4)2S-treated InP~100! surfaces
with ~131! and ~231! LEED symmetry using an ultrahigh
vacuum ~UHV!-STM system.
II. EXPERIMENT
The experiments were carried out in a two-chamber
UHV-STM system designed and constructed at Interface Sci-
ence Western for sample preparation and STM
measurements.21 The base pressure is ;5310211 Torr after
bakeout. In the preparation chamber, LEED was used to
characterize the surface structure, and a quadrupole mass
spectrometer ~MS! was used to monitor thermal desorption
during annealing. Multiple samples were mounted on a car-
ousel inside the system, and transferred between the sample
preparation chamber and the STM chamber by a transfer arm
within the vacuum. All STM images presented in this article
were obtained in a constant-current mode at room tempera-
ture, using a 12 V tunnelling bias on the tip and a ; 0.2 nA
tunnelling current.
The InP samples used in this work were undoped com-
mercial epi-ready wafers,22,23 with a miscut angle of , 0.1°
and resistivity of ;0.3 ohm cm. Prior to the sulfur treatment,
the sample was cleaned with conventional organic solvents,
and etched in a ,5% HF aqueous solution for 1 minute to
helps in removing the native oxide. The sample was then
dipped into a concentrated ~NH4)2S ~ammonium sulfide! so-
lution at 65 °C for 15 minutes, and then dipped into a fresh
~NH4)2S solution at room temperature for 1 minute. Metha-
nol was used to rinse the sample for 1 minute. The surface
was then blown dry with extra dry N2. No visible residue
could be seen on the surface.
To reduce the possibility of the surface being contami-
nated or reoxidized in air, the sample mounting process was
conducted inside a glove bag filled with extra dry N2 before
entering the vacuum system. Then the samples were trans-
ferred through air within a few minutes into the system be-
fore being pumped down to low vacuum with a turbomolecu-
lar pump. The sample was characterized with LEED and
annealed resistively in the preparation chamber. The sample
temperature was measured with a 0.075 mm diameter
Chromel-Alumel thermocouple attached to the sample sur-
face, and was also simultaneously monitored by an infrared
pyrometer.
III. RESULTS AND DISCUSSION
A. The surface with 131 LEED symmetry
In contrast to a previous report that LEED patterns could
not be obtained on a passivated sample that was not rinsed in
de-ionized ~DI! water,9 we found that a ~131! LEED pattern
could be obtained by drying the sample directly after a final
room temperature ~NH4)2S treatment even without rinsing in
any solvent. The S-passivated surface seems to be suffi-
ciently inert to maintain the integrity of the ~131! LEED
pattern after the air transfer process plus a bakeout of the
whole system ~temperatures below 130 °C!, because a ~131!
LEED pattern can always be observed before and after the
UHV environment was obtained.
The quality of the ~131! LEED pattern can be markedly
improved by a mild heat treatment at 200 °C–250 °C. Fig. 1
shows a typical ~131! LEED pattern of a S-passivated
InP~100! surface after mild annealing. The physical origin of
the improvement of the LEED result can be explained by the
following two effects: first, the heat treatment desorbs water
and other contaminants physically adsorbed during the
sample transfer process, and second, the long-range order of
the surface is improved. Within the range of the annealing
temperature used, the mass spectrometer detects clear H2O
and CO desorption signals. In this work, the STM experi-
ments conducted in an UHV environment were always pre-
ceded by mild annealing of the sample. The LEED spots
shown in Fig. 1 appear slightly elongated, which could be
because of a small degree of faceting due to the annealing
treatment.
Fig. 2~a! shows an image of a S-passivated InP~100! sur-
face after annealing at 220 °C for 10 minutes in a vacuum of
6310211 Torr. The image consists of bright protrusions
which are about equal in size and appear without long-range
order. Therefore, the top surface layer is essentially disor-
dered. Close examination reveals that in the upper right part
~shown by the arrow! of the image there appears to be a
locally ordered array; this is enlarged in Fig. 2~b! ~white
FIG. 1. A typical ~131! LEED pattern ~at 58 eV! obtained from a S-
passivated InP~100! surface after annealing at 200 °C–240 °C.
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points!. The separation between the spots in the array are
calibrated as ;8 Å along both crystallographic directions.
Thus, the distance between the nearest spots is about twice
that of the crystallographic lattice constant ~4.1 Å! of
InP~100!. The calibration indicates that an approximately lo-
cal ~232! structure appears at the upper right corner of Fig.
2~a!.
The bright spots shown in Fig. 2~a! are most likely related
to surface sulfur species. The chemical composition of the
surfaces after the mild annealing treatment has been studied
previously11 and the existence of sulfur on the surface after
the mild annealing was independently checked in this work
using the LEED optics running in the Auger mode.
The annealing temperature is about the highest that can be
used without causing the appearance of a ~231! LEED
pattern.8 An important question is to what extent the mild
annealing affects the original arrangement of the sulfur at-
oms formed in the passivation process. First, no S or P de-
sorption was ever observed by line-of-sight mass spectrom-
etry; this is not surprising since the annealing temperature is
much lower than that required for removal of these constitu-
ents. Second, during the entire annealing process there was
continual improvement of the ~131! LEED pattern. There-
fore we believe that the mild annealing process preserves the
original ordering of the S atoms as it was prepared initially,
and that the image shown in Fig. 2~a! reflects the surface
sulfur layer resulting from the passivation.
Since no long-range order was observed in our STM im-
ages, we cannot unequivocally resolve the structure of the
sulfur-passivated InP~100! surface. However, it is worth dis-
cussing the STM images within the context of the available
models proposed for this surface. The first model consists of
sulfur atoms sitting on the bridgesite of the indium termi-
nated InP~100! surface forming a ~131! monolayer.9,10,12 Re-
cent high resolution synchrotron radiation S 2p core-level
photoemission results on S/InP~100! ~Ref. 14! indicates that
there are two chemically different sulfur chemical states on
the surface. This observation raises questions about the ~1
31! bridge-site model which would require only one kind of
sulfur site. The second model for S/InP~100! ~Ref. 13! sug-
gests that the sulfur atoms on the surface are divided into two
subgroups with different degrees of displacement from the
perfect bridge site, forming a ~232! sulfur monolayer on
InP~100!. This model is inconsistent with the fact that no
~232! LEED pattern is observed; the ~232! units on the
surface would have to be without long-range order. This de-
gree of randomness, however, was not considered in the 232
model.13
The STM results ~Fig. 2! show that the sulfur layer does
not possess a well-defined long-range order. We must then
conclude that the ~131! LEED pattern associated with the
surface is probably not due to the top surface shown in Fig.
2~a! of the sample. The locally ordered array ~Fig. 2~b!! ap-
pears to be consistent with the ~232! model. However, as
shown in Fig. 2~a!, the locally ordered array does not form a
predominant ingredient of the surface structure. Generally
speaking, the STM imaging indicates the absence of long-
range order on the S/InP~100! surface.
Given the ex-situ nature of the sample preparation, we
cannot completely rule out the possibility that after the mild
annealing the surface is still not free from physisorbed con-
taminants which would obscure the STM imaging of the sul-
fur layer; but previous experiments in our laboratory11 using
much more sensitive Auger analysis indicated that the
present surfaces would be free of contaminants.
Fig. 3 shows a large scale image ~1000 Å31000 Å! of a
sulfur-passivated InP~100! surface after mild annealing in a
vacuum of 531029 Torr ~obtained without bakeout of the
system!. A surface step is shown in the lower part of the
image. Since the surface shown is not atomically flat, we
take an average height value of a small area (; 200 Å3200
Å! on both the upper and lower ‘‘terraces’’ separated by the
step located around lower left part of the image. The height
difference lies between 2.5 Å and 2.9 Å for many different
measurements, and hence we consider the step to be a bilayer
atomic step ~crystallographic value is 2.9 Å! for InP~100!.
FIG. 2. ~a! A constant-current image (;350 Å3320 Å! of a S-passivated
InP~100! surface after annealing at 220 °C for 10 minutes in vacuum ~6.0
310211 Torr!. ~b! The closeup of the upper right area ~shown by the arrow!
of ~a!. White points are marked on the ordered protrusions to guide the eye.
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This kind of step appears to be a common feature of the
surface.
In order to measure the corrugation of the passivated sur-
face, we imaged dozens of S/InP~100! samples cleaned with
mild sample annealing ~;220 °C! under 1310210 Torr. All
the measured corrugations lay between 10 Å and 25 Å. This
is much smaller than the value of 100 Å observed by a STM
in a 0.25 M H2SO4 aqueous solution18 for an epi-ready
sample surface after etching in a 5% HF solution. Therefore,
the present sulfur passivation method improves surface
roughness compared with that of a surface only treated by
5% HF solution.
B. The surface with 231 LEED symmetry
STM images of a typical surface obtained from two sepa-
rate samples annealed for about 10 minutes at 250 °C–
260 °C are shown in Fig. 4. Annealing results in the forma-
tion of the rows along the @011# direction with a typical
width of ;80 Å. In spite of the formation of the rows, the
typical surface height variation across the rows is ;16 Å,
which is similar to that of the surface after the mild anneal-
ing at ;220 °C. At this stage the LEED pattern ~not shown!
has only very faint indications of intensity at the half-integer
locations, while the clear 131 pattern remains.
The ~131! LEED pattern was found to be thermally
stable up to 250 °C in agreement with previous RHEED
results.8 After annealing a S/InP~100! surface between 250
°C and 450 °C, the LEED observations show a pattern
streaked along the @011¯# direction. In particular, we find that
a well-defined 231 LEED pattern can be obtained after an-
nealing at ;420 °C. Fig. 5 shows the typical LEED patterns
of the surface at this stage. The clear anisotropic nature of
the surface is demonstrated by the fact the 231 phase has
doubled periodicity only along the @011¯# direction. Another
characteristic of this 231 phase is that the half-integer dif-
fraction intensity is always split into two spots ~Fig. 5!, while
the integer diffraction spots remain the same as in the 131
phase ~Fig. 1! and are independent of the electron beam en-
ergy. These facts indicate that the split half-integer spots
correspond to scattering from a periodic surface superlattice
structure along the @011¯# direction.24 The separation be-
tween the split half-integer spots, which differs slightly in
individual sample preparations, is about 1/5 to 1/8 that of
neighboring integral order spots. Therefore, using the lattice
constant of 131 InP~100! surface ~4.1 Å!, the dimension of
the superlattice structure along @011¯# direction is estimated
as 20 Å–30 Å.
The STM images of the surface with the 231 LEED pat-
FIG. 3. A STM image ~1000 Å31000 Å! of a S-passivated InP~100! surface
after mild annealing. A bilayer atomic step is shown in the lower part of the
image. A bright feature at the center could be residue of native oxide that
was not removed by the passivation process.
FIG. 4. STM images of the S/InP~100! surface annealed to 250 °C–260 °C.
Surface rows along @011# are formed ~see the text!. Image sizes: ~a! 400
Å3400 Å; ~b! 1000 Å31000 Å.
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tern are shown in Fig. 6. The ;420 °C annealing eliminates
the rows on the surface shown in Fig. 4. Although a previous
Auger measurement11 has shown that the sulfur passivation
layer is still largely intact at this annealing temperature, the
surface height variation is, however, approximately double
that of the previous mild temperature annealing.
Among the various protrusions on the surface shown in
Fig. 6~a!, there exist some regularly spaced strips ~e.g. near
the center of the image! divided by dark lines. They have an
approximate periodicity of ;20 Å along @011¯# and are ex-
tended along the @011# direction. A portion of these strips is
enlarged in Fig. 6~b!. The dividing dark lines between the
strips could be vacancy-related features. The consistency of
the spacing of these strips along the @011¯# direction with that
of the periodicity deduced from the superlattice structure re-
flected in the LEED leads us to postulate that these regularly
spaced strips are responsible for the split half-integer LEED
spots along the @011¯# direction and that the 231 ordered
domains are on these strips. Despite the high signal to noise
ratio shown in the STM image ~Fig. 6!, we still cannot obtain
an atomically resolved 231 structure. The composition of
the 231 domains also remains unknown.
IV. SUMMARY
We have discussed STM and LEED results on
(NH4!2S-treated InP~100! surfaces, in terms of the roughness
and ordering ~quality! of the S-passivated InP~100! surfaces.
After mild annealing at 200 °C–250 °C in vacuum, de-
sorption of the surface contaminants permits imaging of the
surface morphology. The real-space images show that the top
layer of the S-passivated surface lacks long-range order even
though it is associated with a good ~131! LEED pattern. We
postulate that the ~131! LEED pattern observed mainly
originates from the underlying substrate. A surface bilayer
atomic step has been observed to be common on the S-
passivated surfaces. The surface corrugation for the passi-
vated surfaces lies between 10 Å and 25 Å, which is much
smaller than that of the same substrate prepared using previ-
ously published methods. Therefore, the present sulfur pas-
sivation method provides an improvement in InP~100! sur-
face preparation.
FIG. 5. 231 LEED patterns of the surface annealed at ;420 °C with elec-
tron beam energies of ~a! 35 eV and ~b! 61 eV. The split half-integer spots
are clearly visible ~see the text!.
FIG. 6. STM images of a S/InP~100! surface associated with a split 231
LEED pattern ~shown near to the images!. ~b! A closeup scan of the central
part of ~a!, showing the regularly spaced strips which correspond to the
splitting half-integer LEED spots ~see the text!. Image sizes: ~a! 1000
Å31000 Å; ~b! 400 Å3400 Å.
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The evolution of the surface morphology as a function of
annealing temperature is presented. After annealing at
;420 °C, a ~231! LEED pattern with split half-integer spots
has been observed. The associated STM images suggest that
the split half-integer diffraction corresponds to regularly
spaced domains with a width of ;20 Å–30 Å in the @011¯#
direction. The surface corrugation increases with annealing
temperature with the surface corresponding to the best 231
LEED symmetry ~annealing at ;420 °C! has a corrugation
double that of the 131 phase.
Note added in proof: With regard to the surface electronic
structure, photoemission and inverse photoemission studies25
have shown that the surface band gap of the S-InP has been
significantly enlarged compared to a clean InP~100!-~234!
surface. The semi-insulating nature of the S-InP surface has
also been found in a recent theoretical band-structure
calculation.26 These results indicate no surface states in the
bulk band gap and therefore the Fermi level should not be
pinned regardless of whether the bulk is p-type or n-type. It
is understood that S is a n-type dopant in the bulk. S atoms
will diffuse into the bulk when annealed at high temperature
(.300 °C!.27 It is quite possible that the subsurface of a
high-temperature annealed sample could become heavily
doped. Therefore S-passivation on optoelectronic or elec-
tronic devices should be practiced with extreme caution, es-
pecially on p-type based devices.
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